physics at the two-dimensional (2D) limit. Here we use the MoSe2/WSe2 heterobilayer as model system and show direct evidence for the Mott transition from an insulating exciton gas to a conducting plasma across the Mott density, nMott ~ 3x10 12 cm -2 . Time and space resolved photoluminescence imaging reveals that the diffusion coefficient decreases by more than two orders of magnitude in the plasma phase, becomes nearly constant in the exciton phase, but further decreases again by one order of magnitude as exciton density nex approaches ~ 10 11 cm -2 . The latter is consistent with interlayer exciton trapping in periodic potential wells on the moiré landscape. These findings reveal fundamental bounds for potentially achieving different interlayer exciton phases.
cm -2 . This provides direct evidence for the insulator-to-metal transition [24] : at nex < nMott, the electrons and holes are mostly bound as neutral interlayer excitons that resist dissociation by the moderate DC electric field, while at nex > nMott the system transitions into adjacent sheets of conducting electrons and holes that move in opposite directions under the DC electric field. The photo-excitation density under both pulsed and CW conditions has been discussed before [11] and calibrated here for the optically bright sample, Fig. S4 . We assume the same calibration for the sample used in transport measurement.
While the conductivity experiment is limited to the plasma phase, both the exciton and plasma phases can be probed in diffusion experiments. To measure the diffusion coefficient (D), we photo-excite in a selected region of the heterobilayer and determine the spatial expansion of the interlayer electrons/holes by scanning confocal photoluminescence microscopy. We rely on the PL emission peak at ~1.36 eV from interlayer excitons or charge separated e/h plasmas [3, 11] as a characteristic probe. This measurement can be carried out in time-resolved or steady-state experiments.
In the time-resolved experiment, we photo-excite a diffraction-limited spot by an ultrafast laser pulse (pulse width ~100 fs) and determine the PL intensity with temporal (~50 ps) and spatial (~0.2 µm) resolution. Fig. 2a and 2b show PL images at different time delays (t) for initial excitation densities of n0 = 9.3×10 13 cm -2 and n0 = 1.3×10 12 cm -2 , respectively. The PL image expands faster at a higher n0 in Fig. 2a than it does at a lower n0 in Fig. 2b . In the former, the PL image fills the entire heterobilayer region for t ≥ 0.2 µs; note the presence of a dark region in the lower middle part of the image (see Fig. S5 ). We carry out a quantitative analysis based on the diffusion-reaction equation with a first order decay term, which has an analytical solution of an expanding Gaussian distribution (see Supporting Information) [25, 26] . We fit the radial profile of the PL image at each time delay to a Gaussian to obtain σ 2 (t) at different n0 values, as detailed in Fig. S6 and Fig. S7 . Fig. 2c plots σ 2 (t) as functions of t, the slope of which gives the diffusion coefficient, D, shown as functions of t in Fig. 2d for different n0. For high n0 when the PL image is asymmetric and diffusion into the entire heterobilayer region occurs, we carry out analysis of both homogeneous regions and entire images. The resulting time-dependent variances are similar (Fig. S8) .
The diffusion coefficient is not constant but depends on t and n0. At each n0, the exciton or carrier density is substantially reduced during the rapid expansion from the diffraction-limited spot ( " ) ≈ 0.05 µm ) ) and, in the case of n0 > nMott, the expansion leads to the Mott transition spatially. The shape of the D(t) curves reveals two distinct transitions. For n0 > nMott, D(t) decreases initially until t ~10 1 ns, beyond which D(t) becomes nearly a plateau; for t > 10 2 ns, D(t) decreases again.
The first step is associated with the Mott transition, as the highly diffusive e/h plasma transitions to the less diffusive interlayer excitons. The nex dependence of D(t) in the interlayer exciton phase is found to be weaker than that in the plasma phase. The repulsion among the same charges in each TMDC layer in the charge separated EHP is larger than that among interlayer excitons with inherent dipole moments [3, 7] . The second step occurs within the exciton phase and is characterized by fast decrease in D(t) for t > 10 2 ns. This transition becomes invisible for n0 ≤ 10 11 cm -2 . The dramatic decrease in D in the low-density region at long time delays can be attributed to effective trapping. The formation of the MoSe2/WSe2 heterojunction results in a moiré potential landscape consisting of quantum-dot or quantum-wire like local potential wells with depth of the order of 10s meV [14, 18] . Trapping of interlayer excitons into the moiré potential wells is expected to drastically reduce diffusivity [27, 28] . At sufficiently low nex, the interlayer excitons become immobile and can be called moiré excitons [14, 16] .
There are three approximations in the above analysis. The first comes from the limited time resolution (~0.25 ns) of PL imaging. As a result, significant expansion already occurs in the first PL image frame at high n0. The observed initial spatial variance, " ) (0), increases with n0, as shown by the initial values in Fig. 2c . If we take the initial PL spatial profile at the lowest n0 as an upper limit of the excitation profile, " ) < 0.6 µm ) , and the time resolution as an upper limit of expansion (∆ < 0.25 ns), we estimate an initial diffusion coefficient (D0) at n0~10 14 cm -2 to be ~15 cm 2 /s (first data point in Fig. 2d ), which is two-orders of magnitude higher than the largest D values determined from σ 2 (t). This initial expansion may be a combined effect of ballistic transport and drift due to dipolar repulsion, as reported in coupled quantum wells [29] . The second approximation comes from fitting spatial distribution of PL image to Gaussians, with the implicit assumption of a constant D [25, 26] . Since D is not a constant, the obtained D(t) beyond the initial time represents an effective average. This may explain the offsets of diffusion coefficients in the plateau region in Fig. 2d . The third approximation is the assumption of PL intensity being proportional to nex. The oscillator strength is nearly constant below nMott, but decreases with increasing nex above nMott [11] . Due to the initial fast expansion and the limited time resolution discussed above, the results shown in Fig. 2 obtained from σ 2 (t) are for nex close to nMott and the assumption of a constant oscillator strength is a good one. 6 Complementary evidence for the Mott transition can be found in PL imaging, Fig. 3a , under CW excitation conditions where the generation, recombination, and diffusion of interlayer excitons or EHPs reach a steady state. While nex can reach up to 10 14 cm -2 at the center of the excitation spot [11] , it decays away from the center and approaches zero at sufficiently large radial distance. This spatial distribution allows probing of different phases from the dependences on nex of the peak intensity (IPL), peak width (full-width-at-half-maximum, FWHM), and average peak energy (Eavg), Fig. 3b . In particular, The PL emission peak broadens with increasing density, particularly across the Mott transition, as the narrow resonance associated with interlayer exciton resonances is lost above nMott [11] . This is accompanied by blue shift in average peak energy with nex, a result of dipolar repulsion. Note that the exciton Mott transition is close to a smooth second-order phase transition [39] .
We show spatial maps of IPL ( Fig. 3c ), FWHM (Fig. 3d ), and Eavg ( The combined photo-conductivity and PL imaging measurements establish the Mott transition around ~3x10 12 cm -2 , from the insulating interlayer exciton gas to the conducting charge separated EHP in the MoSe2/WSe2 heterobilayer. Interlayer excitons in TMDC heterobilayers are thought to be excellent model systems for exciton condensation due to the much increased exciton lifetime and strong manybody correlation in 2D [2, 31, 32] . Our findings of the three phases suggests fundamental limits of achieving interlayer exciton condensation in TMDC heterobilayers. On the one hand, the interlayer exciton density needs to be below the Mott density, i.e., ne/h ≤ ~10 12 cm -2 , above which destruction of the bosonic quasiparticle occurs. On the other hand, the interlayer exciton density should be above the threshold ~10 11 cm -2 , below which trapping into the moiré superlattice overcomes the thermodynamic driving force for transition into the BEC like state. Our findings suggest that interlayer exciton condensation in MoSe2/WSe2 heterobilayers may occur in density range of 10 11 -10 12 cm -2 , in agreement with a recent experiment of Wang et al. [2] The lower bound due to moiré exciton trapping may be tunable by the twist angle (see Fig. S11 ) or differential strain in the TMDC heterobilayer [14, 16, 18] . The insertion of a BN dielectric layer between the TMDC heterobilayer may reduce or effectively eliminate the moiré traps and prolong interlayer exciton lifetimes [33] .
In addition to putting constraints on interlayer exciton condensation, our results also reveal limits for two other phases: the moiré exciton lattice at the low nex limit and superconductivity at the high nex limit. Our findings show that exciton trapping into moiré potential wells with negligible diffusivity occurs for nex ≤ 10 11 cm -2 in the specific MoSe2/WSe2 heterobilayer studied here. This limit is expected from not only the large superlattices but also the inter-exciton screening and repulsion. Thus, when studying moiré exciton physics, one must be mindful that this limit is not exceeded [14, 15, 18] . At the high nex limit, the charge separated nature of the degenerate EHP means that the sheet of electrons or holes in each TMDC monolayer across the heterojunction is similar to those from gate-doped TMDCs, where superconductivity at 2D carrier densities in the 10 14 cm -2 range has been reported [34] [35] [36] [37] . This raises the tantalizing possibility of achieving CW photo-induced superconductivity in TMDC heterobilayers.
MoSe2/WSe2 heterobilayer, as interlayer excitons [10] [11] [12] [13] [14] [15] , including moiré excitons [20, 21, 25] , have been extensively characterized in this system. In an excitonic system, the mutual screening effect reduces the exciton binding energy with increasing nex. Above nMott, the insulating exciton gas is transformed to a conducting non-degenerate electron-hole plasma (n-EHP) [26] . Further increase in nex transforms n-EHP to the degenerate EHP; the distinction between the two is the presence of electron-hole Coulomb correlation in the former but not the latter [26] . In the case of inter-layer excitons in a TMDC heterobilayer, the conducting EHP corresponds to charge separated sheets of electrons and holes across the interface, as is also known in coupled quantum wells [27, 28] . Intuitively, one can take nMott as the density where the excitons spatially overlap. An alternative definition comes from band renormalization: nMott corresponds to the nex when the decrease in bandgap matches the exciton binding energy [29] . For excitons in 2D, there is a universal relationship, " $%&& '/) ≈ 0.25, where a0 is the exciton radius [30] . An upper limit in the value of nMott can be obtained from the disappearance of excitonic resonances in the absorption spectrum [15] .
We fabricate the MoSe2/WSe2 heterobilayer using the transfer stacking technique from high quality monolayers with very low defect density (< 10 11 cm -2 ) [31] and BN encapsulation [32] , as detailed elsewhere [15, 25] . Intrinsic interlayer exciton lifetimes as long as 200 ns and photogenerated carrier density as high as 10 14 cm -2 have been demonstrated in this system [15] . The
Mott density is calcuated to be nMott ~ 1.6x10 12 cm -2 from the universal relationship based on interlayer exciton radii in the MoSe2/WSe2 heterobilayer of a0 ~ 2 nm [33, 34] . Theoretical analysis of the disappearance of excitonic resonance in absorption spectrum gives an upper limit of nMott ~ 3x10 12 cm -2 . Optical microscope images of the two BN-encapsulated MoSe2/WSe2 heterobilayer devices are shown in Fig. S1 . In photoconductivity measurement ( Fig. S1a and CW conditions has been discussed before [15] and calibrated here for the optically bright sample, Fig. S4 . We assume the same calibration for the heterobilayer sample used in transport measurement.
While the conductivity measurement is limited to the metal phase, both the insulator and the metal phases can be probed in diffusion experiments. Conduction and diffusion are related, in that each is limited by the momentum relaxation time during transport. To measure the diffusion coefficient (D), we photo-excite in a selected region of the heterobilayer and determine the spatial expansion of the interlayer electrons/holes by scanning confocal photoluminescence microscopy.
We rely on the PL emission peak at ~1.36 eV from interlayer excitons or charge separated e/h plasmas [6, 15] as a characteristic probe. This measurement can be carried out in time-resolved or steady-state experiments.
In the time-resolved experiment, we photo-excite a diffraction-limited spot by an ultrafast laser pulse (pulse width ~100 fs) and determine the PL intensity with temporal (~50 ps) and spatial (~0.2 µm) resolution. Fig. 2a and 2b show PL images at different time delays (t) for initial excitation densities of n0 = 9.3×10 13 cm -2 and n0 = 1.3×10 12 cm -2 , respectively. Diffusion of the e/h system is reflected in the spatial expansion of PL image with delay time in each case. The PL image expands faster at a higher n0 in Fig. 2a than it does at a lower n0 in Fig. 2b . In the former case, the PL image fills the entire heterobilayer region for t ≥ 0.2 µs; note the presence of a dark region in the lower middle part of the image -see Fig. S5 for complete PL mapping for interlayer exciton emission. We carry out a quantitative analysis of the time-resolved PL images based on the diffusion-reaction equation with a first order decay term, which has an analytical solution of an expanding Gaussian distribution (see Supporting Information) [36, 37] . We fit the radial profile of the PL image at each time delay to a Gaussian function to obtain σ 2 (t) at different n0 values, as detailed in Fig. S6 and The resulting time-dependent variances are similar (Fig. S8 ).
The diffusion coefficient in Fig. 2d is not a constant but depends on t and n0. At each n0, the carrier density is substantially reduced during the rapid expansion from the diffraction-limited spot ( " ) ≈ 0.05 µm ) ) and, in the case of n0 > nMott, the expansion leads to the Mott transition spatially.
While D generally decreases with increasing time for each starting n0, the shape of the D(t) curves reveals two distinct transitions. For n0 > nMott, D(t) decreases initially until t ~10 1 ns, beyond which D(t) becomes nearly a plateau; for t > 10 2 ns, D(t) decreases again. The first step is associated with the Mott transition, as the highly diffusive e/h plasma phase transitions to the less diffusive interlayer exciton phase. The excitation density dependence of D(t) in the interlayer exciton phase is found to be weaker than that in the plasma phase. The repulsion among the same charges in each TMDC layer in the charge separated EHP is larger than that among interlayer excitons with inherent dipole moments [6, 10] . The second step occurs within the exciton phase and is characterized by fast decrease in D(t) for t > 10 2 ns. This transition becomes invisible only for n0 ≤ 10 11 cm -2 . The dramatic decrease in the diffusivity of the interlayer excitons in the low density region at long time delays can be attributed to effective trapping. The formation of the MoSe2/WSe2 heterojunction results in a moiré potential landscape consisting of quantum-dot or quantum-wire like local potential wells with depth of the order of 10s meV [20, 25] . Trapping of interlayer excitons into the moiré potential wells is expected to drastically reduce diffusivity, as is also seen in recent reports on WS2/WSe2 heterobilayers [38, 39] . At sufficiently low nex, the interlayer excitons become immobile and can be called moiré excitons [20, 22] .
There are three approximations in the above analysis. The first approximation comes from the limited time resolution (~0.25 ns) of our PL imaging technique. As a result, significant expansion already occurs in the first PL image frame at high n0, beyond the initial diffraction-limited exciton 6 spot. The observed initial spatial variance, " ) (0), increases with n0, as shown by the initial values in Fig. 2c . If we take the initial spatial profile of PL image at low excitation densities as an upper limit of the excitation profile, " ) < 0.6 µm ) , and the time resolution as an upper limit of expansion time (∆ < 0.25 ns), we estimate a lower bound of the initial diffusion coefficient (D0) at the highest excitation density (n0~10 14 cm -2 ) to be ~15 cm 2 /s (first data point in Fig. 2d ), which is twoorders of magnitude higher than the largest measurable D values determined from σ 2 (t). This initial rapid expansion may be a combined effect of ballistic transport and drift due to dipolar repulsion, as reported in coupled quantum wells [40] . This rapid expansion leads to the Mott transition, the tail of which is observed in the drop of effective diffusion coefficient in the t < 10 1 ns range. The second approximation comes from the fitting of spatial distribution of PL image to Gaussians, with the implicit assumption of a constant diffusion coefficient [36, 37] . Since the diffusion coefficient is not a constant, the obtained D(t) beyond the initial time represents some effective average. This may explain the offsets of diffusion coefficients in the plateau region in Fig. 2d . The third approximation is the assumption of PL intensity being proportional to nex. The oscillator strength is known to be a constant below nMott, but decreases with increasing nex above nMott by 20-50% for intralayer exciton when nex reaches ~5x10 13 cm -2 range [15] . We may assume a similar decrease in oscillator strength for the interlayer exciton when nex is above nMott. Due to the initial fast expansion and the limited time resolution discussed above, the results shown in Fig. 2 are for nex close to nMott even for the highest n0 measured here. Thus, the assumption of a constant oscillator strength for the interlayer exciton is valid in our measurement.
Complementary evidence for the Mott transition can be found in PL imaging under CW excitation conditions. In this case, the generation, recombination and diffusion of interlayer excitons or EHPs reach a steady state in the heterobilayer. While nex can reach up to 10 14 cm -2 at the center of the excitation spot [15] , it decays away from the center and approaches zero at sufficiently large radial distance. The spatial distribution of carrier density allows probing of different phases by measuring the local PL spectrum, as successfully applied previously in coupled quantum wells [41] . The real space imaging of the Mott transition, Fig. 3a , is enabled by the dependences on excitation density of the peak intensity (IPL), peak width (full-width-at-halfmaximum, FWHM), and average peak energy (Eavg) of the interlayer exciton change with nex ( Fig.   3b ). In particular, The PL emission peak broadens with increasing density, particularly across the Mott transition, as the narrow resonance associated with interlayer exciton resonances is lost as 7 they convert to correlated electron hole plasmas [15] . This process is accompanied by blue shift in average peak energy with increasing carrier density, a result of dipolar repulsion. Note that the exciton Mott transition is close to a smooth second-order phase transition, not a sharp first-order process [42] . We show spatial maps of IPL (Fig. 3c) , FWHM (Fig. 3d ), and Eavg (Fig. 3e ) for a broad range of center excitation densities (nc = 2.0x10 11 -2.2x10 14 cm -2 ). For nc < nMott, both FWHM and Eavg are spatially uniform, consistent with the presence of a single phase of interlayer exciton gas. At center excitation densities well above the Mott threshold, nc > nMott, the image maps of both FWHM and Eavg clear show spatial gradients that correspond to the e/h plasma phase in the center and the exciton gas phase away from the center. As expected, the e/h plasma phase spatially expands with increasing nc. We analyze the images quantitatively and show the three quantities as a function of radial distance (r) from the center, Fig. 3f, 3g Fig. 3 .
The combined photo-conductivity and PL imaging measurements establish the Mott transition around ~3x10 12 cm -2 , from the insulating interlayer exciton gas to the conducting charge separated EHP in the MoSe2/WSe2 heterobilayer. One of the most exciting potentials of excitonic systems is achieving exciton condensation, a macroscopic quantum state bearing similarities to Bose-Einstein condensates (BEC) in cold atom gases. Since the exciton mass is orders of magnitude lower than those of atomic masses, exciton condensation may occur at much higher temperature than a cold atom BEC does. Interlayer excitons in TMDC heterobilayers are thought to be excellent model systems for exciton condensation due to the much increased exciton lifetime and strong manybody correlation in 2D [5, 16, 17] . Our findings of the three phases suggests fundamental limits of achieving interlayer exciton condensation in TMDC heterobilayers. On the one hand, the interlayer exciton density needs to be below the Mott density, i.e., ne/h ≤ ~10 12 cm -2 , above which destruction of the bosonic quasiparticle occurs due to screening. On the other hand, the interlayer exciton density should be above the threshold ~10 11 cm -2 , below which trapping into the moiré superlattice overcomes the thermodynamic driving force for transition into the BEC like state. Our findings suggest that interlayer exciton condensation in MoSe2/WSe2 heterobilayers may occur in density range of 10 11 -10 12 cm -2 , in agreement with a recent interpretation of experimental results of Wang et al. [5] The lower bound due to moiré exciton trapping may be tunable by the twist angle (see Fig. S11 ) or differential strain in the TMDC heterobilayer [20, 22, 25, 43] . The insertion of a BN dielectric layer between the TMDC heterobilayer may substantially reduce or effectively eliminate the moiré traps, thus decreasing the lower bound. This BN sandwich approach has the added advantage of much prolonged interlayer exciton lifetimes for achieving the quasi-equilibrium quantum phase.
In addition to putting constraints on interlayer exciton condensation, our results also reveal limits for two other phases: the moiré exciton lattice at the low nex limit and superconductivity at the high nex limit. On the moiré superlattice landscape, interlayer excitons can be trapped into the moiré potential wells to form an ordered exciton lattice which bears resemblance to optical lattice in cold atom physics. Our findings show that such exciton trapping with negligible diffusivity occurs for nex ≤ 10 11 cm -2 in the specific MoSe2/WSe2 heterobilayer studied here. This limit is expected from not only the large superlattices but also the inter-exciton screening and repulsion.
Thus, when studying moiré exciton physics, one must be mindful that this limit is not exceeded.
At the high nex limit, the charge separated nature of the degenerate EHP means that the sheet of electrons or holes in each TMDC monolayer across the heterojunction is similar to those from gate-doping. Previous measurements of ion-gate doped TMDCs revealed superconductivity at 2D carrier densities in the 10 14 cm -2 range [44] [45] [46] [47] , which is obtainable with our high-quality TMDC heterobilayers under light. This raises the tantalizing possibility of achieving CW photo-induced superconductivity in TMDC heterobilayers. We carried out conductance measurement using a non-idea geometry due to the different contact resistances of the different metal leads. We tried different combinations and found the configuration shown in Fig. S2 allowed us to carry out reliable measurements with constant current bias through the source and the drain, and constistent phases on the voltage probes. As shown in Fig. 1 in the main text, we detect non-zero conductance only at excitation densities ≥3x10 12 cm -2 .
The presence of sufficiently high photocarriers at or above the Mott transition not only provides conducting carriers, but also turns on the contacts. The results shown in Fig. 1 in the main text are obtained from zero gate bias. We have also carried out photoconductance measurements at finite gate biases. Within the range of gate biases, the conductance comes mainly from photodoping and gate-doping only has minor effects. Assuming that (1) the species of interest is independent of other species, (2) the transport is purely diffusional, i.e. the ballistic or drift mechanism are negeligible, (3) the diffusion coefficient is a constant over time and space, (4) the decay term is first order, (5) the initial condition is well described by a Gaussian distribution and (6) 
